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We describe a general method to determine the location of a point source of waves relative to a two-
dimensional single-crystalline active pixel detector. Based on the inherent structural sensitivity of
crystalline sensor materials, characteristic detector diffraction patterns can be used to triangulate the
location of a wave emitter. The principle described here can be applied to various types of waves,
provided that the detector elements are suitably structured. As a prototypical practical application of
the general detection principle, a digital hybrid pixel detector is used to localize a source of electrons
for Kikuchi diffraction pattern measurements in the scanning electron microscope. This approach
provides a promising alternative method to calibrate Kikuchi patterns for accurate measurements of
microstructural crystal orientations, strains, and phase distributions. VC 2017 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)
license (http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4978858]
The accurate determination of the three-dimensional
position of objects is connected to many measurement prob-
lems in the experimental sciences and in technological appli-
cations.1 Very often, however, the object of interest is not
directly accessible. In such situations, we can still obtain
directional measurements from known reference points and
then triangulate the position of the object. This trivial princi-
ple is illustrated in Fig. 1, where measurements of the angles
from the two reference points (x1, y1) and (x2, y2) to the point
P would be sufficient to determine the three-dimensional
coordinates (xP, yP, and zP) of that point, given that we know
the reference distances in the XY-plane.
In this paper, we will discuss a generalized concept of
position determination via triangulation, which we apply to
determine the position of localized sources of radiation used
in crystallography but which is also relevant to other applica-
tions involving localized sources of waves. In our method,
instead of performing direct angular measurements from iso-
lated reference points, an extended two-dimensional detector
area is designed to have a sensitivity which depends in a spe-
cific way on the incident direction of the waves on each area
element dA on the detector surface. This angular sensitivity
is encoded by the internal periodic structure of each area ele-
ment, which can react to the specific wave-like properties of
the incident radiation. As a result of diffraction effects inside
each pixel, the detector displays for each pixel area element
dA an intensity related to the direction from the area element
dA to the source point. Each possible three-dimensional
position of the source P relative to the detector defines a
characteristic two-dimensional intensity pattern of the detec-
tor area elements. In contrast to direct angular triangulation
measurements, the individual measurement points by them-
selves do not carry sufficient information to reconstruct the
position of P. Instead, in the method discussed in this paper,
P is determined by the combined 2D signal of all detector
pixels dAn which is illustrated by the characteristic pattern
seen in the XY-plane in Fig. 1. A calibration procedure
relates the three-dimensional position of the source at P and
the corresponding projective two-dimensional features
formed by the area elements dAn. Summarizing the very gen-
eral idea, the use of an area detector with internal periodic
structure in the detector elements makes it possible to regis-
ter additional information on the direction of the incoming
FIG. 1. Principle of determination of the source coordinates (xP, yP, and zP).
The detector with area elements dAn is reacting to diffraction effects of the
waves from the source in the area element. Each area element at a specific
position (xn, yn) on the detector is sensitive to the direction from the source
to the area element. A triangulation procedure involving known diffraction
features formed in the detector plane allows the source position to be
determined.
a)Electronic mail: stefano.vespucci@strath.ac.uk
b)Electronic mail: aimo.winkelmann@bruker.com
0003-6951/2017/110(12)/124103/5 VC Author(s) 2017.110, 124103-1
APPLIED PHYSICS LETTERS 110, 124103 (2017)
radiation and to fix the spatial position of a source relative to
a detector plane.
We now demonstrate a prototypical practical implemen-
tation example of the diffractive ranging method we have
discussed above. Our example is placed in the context of
microstructural analysis methods in the scanning electron
microscope (SEM), where the method of electron backscatter
diffraction (EBSD) provides spatially resolved crystallo-
graphic information.2,3 EBSD is based on the measurement
of Kikuchi diffraction patterns in a gnomonic projection on a
planar screen placed near the sample.2 As an accurate knowl-
edge of the projection center is necessary to calibrate the
angular coordinates of the Kikuchi pattern on the detector
screen, a key problem in EBSD is the determination of the
exact position of the electron beam spot relative to the
detector.2–19
We have previously used a digital hybrid pixel detector,
Timepix,20,21 in a SEM to obtain Kikuchi patterns from crys-
talline samples22 by direct electron detection. Detailed inves-
tigations revealed that the Timepix detector response
exhibits an underlying diffraction pattern even in the total
absence of diffraction effects from the sample (see Fig.
2(a)). Strikingly, the observed patterns have a negative inten-
sity distribution relative to what is usually observed for back-
scattered electrons from the sample in the SEM. As we will
show by comparison to simulations, these patterns can be
interpreted as electron channeling patterns23 which are
formed not by the sample but in the Timepix detector crystal
itself. The observation of these “detector diffraction
patterns” (DDP) means that the Timepix detector can serve
as an array of directionally sensitive pixels in the context of
the diffractive triangulation principle introduced above.
The basic physical mechanism leading to the detector
diffraction patterns is as follows: In the SEM, electrons back-
scattered from the sample travel towards the Timepix
detector, which is made from a Si wafer that is cut in the
(111) orientation. On each separate pixel of the detector, the
electrons thus impinge from a specific angular direction (see
Fig. 2(b)). Due to multiple electron reflection at the lattice
planes of the silicon detector crystal, the incoherent back-
scattering probability and penetration depth of the incident
electrons is changed when they are near the Bragg angle.
This is due to the preferential excitation of Bloch waves that
are localized on lattice planes or between them.23 In corre-
spondence with the incident beam diffraction effects, the
excitation of electron-hole pairs in each silicon pixel element
(the measured signal) will be varying as a function of inci-
dence angle. Because less electrons penetrate into the crystal
when there is a large backscattered signal, the observed DDP
is inversely proportional to the backscattered intensity, com-
pare Figs. 2(b) and 2(c). The electron channeling effect thus
provides a one-to-one relationship between pixel position on
the detector and the direction towards the source point on the
sample as was discussed above. Because the specific geomet-
ric projection of the DDP features on the detector depends
on the position (xP, yP, zP) of the source point, a calibrated
DDP can thus provide these coordinates relative to the
screen.
The calibration procedure for each measured DDP
involves a quantitative comparison with theoretical Kikuchi
pattern simulations, which depend on the detected electron
energy, the source point position, and the orientation of the
silicon detector crystal structure with respect to the detector
surface plane; see Fig. 3 for an example.
The best fit orientation and projection center coordinates
were determined by the optimization of the normalized
cross-correlation coefficient24 r (0 < jrj < 1) between the
measured DDPs and series of corresponding simulations. We
used the Nelder-Mead simplex method25 to find the local
maximum of the cross-correlation coefficient between exper-
iment and simulations, with start parameters near an orienta-
tion obtained by a conventional indexing procedure based on
the Hough transform.26 For the dynamical electron diffrac-
tion simulations27 and the best-fit optimizations, we applied
the software ESPRIT DynamicS (Bruker Nano, Berlin). In
the optimization procedure, the simulated Kikuchi patterns
are reprojected from stored master data according to the cur-
rent values of the projection parameters, then the cross-
correlation coefficient is calculated, and new updated
FIG. 2. Measured signal on the Timepix detector. Pixel(angle)-dependent
electron absorption measured on the TimePix detector. Electron channeling
effect of electron waves incident on a single-crystalline detector.
FIG. 3. Determination of the source point coordinates from an inverted
detector diffraction pattern. The measured pattern for 12 keV beam energy
(a) is compared to a dynamical diffraction simulation in (b). The best-fit
coordinates of the electron source were (xP, yP, and zP)¼ (6313 lm, 5753
lm, and 6416 lm) in the coordinate system of Fig. 1. The cross-correlation
coefficient is r¼ 0.71, and the fixed detector crystal orientation is
(/1 ¼ 179:95; U ¼ 54:53; /2 ¼ 45:15), see main text.
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projection parameters are chosen for the next iteration
according to the simplex approach.25 As an example of a fit
result, in Fig. 3 we obtain a maximum value of r¼ 0.71 for
the cross-correlation coefficient between the experimental
DDP and a simulated DDP for the electron source at (xP, yP,
and zP)¼ (6313 lm, 5753 lm, and 6416 lm) in the detector
coordinate system (Fig. 1).
In order to determine the 3D position of the electron
source via the Timepix detector, we need to know the exact
orientation of the silicon crystal structure comprising the
detector device. Since we know that the detector crystal is
from commercial quality Si wafers with known lattice con-
stant, we can assume a fixed, despite initially unknown, ori-
entation for the detector. The crystal orientation of the
sensor material is fixed for the lifetime of the individual
detector and is determined by manufacturing variations
when cutting the Si crystal into the shape needed for the
device. Mathematically, the orientation of the Si crystal
structure relative to the edges of the detector can be
described by Euler angles ð/1;U;/2Þ which parametrize a
rotation sequence around moving ZXZ-axes in the Bunge
convention.28 The determination of the fixed detector crystal
orientation is inherently limited by the precision of the same
type of methods that are also used determine local crystal
orientation in an actual sample. We have chosen here to esti-
mate the fixed detector orientation as the mean orientation
determined from a series of measurements which consist of
moving the electron beam in a regular two-dimensional grid
over the surface of a sample that shows no backscattering
diffraction pattern.
In order to estimate the fixed Si detector crystal orienta-
tion, we varied both the orientation and the projection center
position of all measured DDPs in a 10 10 grid map with
approx. 10 lm horizontal step size from an HfO2 film which
showed no backscattered Kikuchi patterns at 20 keV primary
beam energy. Using MTEX,29 the best-fit fixed detector crys-
tal orientation was approximated as the mean orientation
from all measurements in the map and resulted in Euler
angles of (/1 ¼ 179:95; U ¼ 54:53; /2 ¼ 45:15). This
corresponds to a misorientation angle of 0.24 away from an
ideal orientation with a (1 1 1) detector surface normal and
½110 parallel to the horizontal edge of the detector. The size
of the deviation is compatible with the overall manufacturing
uncertainties. In order to estimate the orientation spread that
results from parameter correlation effects the optimization
procedure, we calculated an average misorientation of 0.04
with respect to the mean orientation when both the orienta-
tion of the Si detector crystal and the projection center of the
DDP are left to vary. In the analysis of the subsequent meas-
urements, we then fixed the Timepix detector crystal orienta-
tion at the Euler angles obtained in the procedure discussed
above, and we allowed only the projection center coordinates
to vary.
As a first test of the precision of the projection center
determination, we repeated the optimization procedure for
the measurement of the 10 10 map discussed above, but
now using the estimated fixed Timepix crystal orientation.
Analyzing the mean values and standard deviations in rows
and columns of the measured grid, which was assumed to be
aligned with the x-axis of the detector, and taking into
account a sample tilt of about 73, we obtain an estimate of
about 2.0 lm for the precision of the projection center coor-
dinates. A comparison to simulated perfect reference data
showed that about half of this value is already due to the cur-
rent sensitivity of our pattern fit optimization approach for
the image resolution of 256 256 pixels. We also estimated
that the energy at which the DDP is simulated has to be cor-
rect to within about 0.5 keV in order for the final fit result to
stay in the limits stated above. The value of 2.0 lm can be
put into perspective by comparison to previous studies of
precision in the EBSD method.4,5,8,12–14 In these investiga-
tions, minimum error values near 0.2%–0.5% of the pattern
width (100 lm) are quoted for the precision of the current
standard methods of projection center determination. The
error estimated for the setup used here indicates an improve-
ment by at least one order of magnitude and is approaching
values claimed for high-precision shadow-grid methods (0.5
lm14) and for the moving screen technique combined with
image correlation (theoretically <1 lm, but larger in practice
due to optical and mechanical effects13). The improvement
in projection center precision which we estimate here for a
detector device with 256 256 pixels is very promising
when we take into account that the conventional strain deter-
mination is carried out using pattern resolutions in the order
of 1000 1000 pixels. Corresponding improvements in the
precision of the projection center determination by DDPs
can be expected if the resolution of the detector chip is
increased to similar values, also considering the total
absence of additional optical distortions in the monolithic
direct electron detection device and no demand for extra cal-
ibration hardware like in the shadow-casting approaches.
In the remaining part of this Letter, we demonstrate the
self-calibrating property of the Timepix detector, which in
principle imprints, via the DDP effect, a watermark-like
intensity distribution on all measured EBSD patterns. This
can be used to calibrate an experimental Kikuchi pattern
without using any other information other than the pattern
itself and the instrumentally fixed detector crystal orienta-
tion. To this end, in Fig. 4, we present a Kikuchi pattern
measurement at 25 keV, using a Si(001) sample covered by
10 nm of nanocrystalline HfO2, which for Kikuchi pattern
formation can be considered as amorphous. The upper part
of Fig. 4 shows the measured pattern (a) and an inverted
copy (b) of the same pattern. The lower part of Fig. 4 shows
on the right side (d) the best-fit simulation for the pattern
center position from the negative of the total experimental
pattern. The projection center was determined with a best fit
r-value of 0.38 at (xP, yP, and zP)¼ (6305 lm, 6888 lm, and
6388 lm). This corresponds to viewing angles on the detec-
tor screen of 95.2 horizontally and 95.5 vertically. It is
instructive to observe that the cross-correlation approach is
reliably detecting the local minimum of r when the simulated
pattern registers with that specific part of the pattern struc-
ture which is generated only by the detector diffraction.
Finally, we obtained the orientation of the measured sample
region by fitting the original measurement in Fig. 4(a),
assuming a fixed projection center determined in the previ-
ous step from the inverted pattern in Fig. 4(b). The result is
shown in Fig. 4(c) and corresponds to an orientation of
(/1 ¼ 179:95; U ¼ 19:93; /2 ¼ 215:59) for the Si(001)
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sample. The orientation was determined with a best fit r-
value of r¼ 0.43, again showing a selective minimum. The
lower values of r in Fig. 4 compared to the fit in Fig. 3 are
due to the mixture of two patterns, where it is actually bene-
ficial that one of the patterns is negative since this will tend
to stabilize the optimization procedure for each partial pat-
tern. In future applications, it could be envisaged to combine
both optimizations in a simultaneous fit procedure. In this
pilot experiment, the relative mixture of sample and detector
diffraction could be tuned to about 50% each by adjusting
the energy of the electron beam and the thickness of the cov-
ering HfO2 film. In a conventional experiment involving
high-quality crystalline surfaces, the DDP contribution is of
the order of parts of a percent (see Fig. 2(c)). However, as
the detector diffraction contribution is in principle known,
the extraction of the DDP watermark pattern from the mea-
sured Kikuchi pattern should be possible by image process-
ing techniques like template matching or similar
approaches.24 Also, one can envisage the use of regular
arrays of amorphous reference marks on the sample surface
for calibration measurements.
The mode of measurement presented here should also
be applicable to other wave sources, given that the source
size is sufficiently small compared to the solid angle covered
by the detector. For an electron beam in the SEM, the source
size is in the order of 0.1 lm for EBSD.30 At distances near
5000 lm, this corresponds to an angular range of about
0.001 (2 105 rad). As the width of the detector Kikuchi
band features is on the order of several pixels of 55 lm
dimension, in our case, we can still neglect the influence of
the source size which will otherwise lead to a blurring of the
diffraction features.
In summary, we have discussed a principle of diffractive
triangulation of localized radiative sources using two-
dimensional crystalline detectors. As an example, we have
demonstrated the application of this principle for the deter-
mination of the position of a source of electrons which are
backscattered from the surface of a sample in a scanning
electron microscope. The results presented here are an initial
step towards a more accurate determination of the projection
center of Kikuchi and other diffraction patterns, which will
carry an inherent watermark of the projection center when
measured with crystalline active-pixel detectors like
Timepix or similar devices.31 Apart from the prototypical
example discussed in this paper, the general diffractive trian-
gulation method presented here can be imagined in applica-
tions to various types of particle, electromagnetic, or other
waves, provided that the technological detector design is
modified accordingly.
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